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Reid of the InTention 

The invcniion relates to methods and apparatus for the provision of ventilatory 
assisxance matched to a subject's re^iraior/ need. The ventilatory assistance can he 
for a subject who is either spontaiisciisly or ncn-spcniancousiy breathing, or moves 
between these breathing scacs. The invendcn is especially suitable for, but not lir:::i:ed 
to, sponraneously breathing human subject requiring longterm veniiiator/ assistance, 
panicuiariy during sleep. 

Background of the InTention 

Subjects wftfa severe lung disease, chest wall disease, neuromuscular disease, 
or diseases of respirator/ conrroi may require in-hospital mechanical ventilatory 
assistance, followed by longterm home mechanical ventilatory assistance, particularly 
during sleep. The ventilator delivers air or air enriched with oxygen to the subject, via 
an inrerface such as a nosemask, at a pressure that is higher during inspiration and 
lower during expiration. 

In the awake state, and while waiting to go to sleep, the subject's ventilatory 
pattern is variable in rate and depth- Most known ventiiatoty devices do not accurately 
match the amplitude and phase of mask pressxire to the subject's spontaneous efforts, 
leading to discomfort or panic. Larger amounts of asynchrony also reduce the 
efficiency of the dc^/ice. During sleep, there are changes in the neural control of 
breathing as well as the mechanics of the subject* 5 airA^ays. respiratory muscles and 
chest wall, leading to a need for substantially increased ventilatory suppon. Therefore, 
unless the device can automatically adjust the degree of suppon, the amplitude of 
delivered pressure will either be inadequate during sleep, or must be excessive in the 
awake state. This is particularly important in subjects with abnormalities of respiratory 
control, for exanrole central hypoventilation syndromes, such as Obesity 
Hypoventilation Syndrome, where there is inadcquate^chemorcceptor drive, or Cheyne 
Stokes breathing such as in padcnts with severe cardiac feilure or after a stroke, where 
there is excessive or unstable chcmboreceptor drive. 

Furthermore, during sleep there are inevitably large leaks between mask and subject, or 
at the subject's mouth if this is left free. Such leaks worsen the error in matching the 
phase and magnimdc of the machine's effon to the subject's needs, and, in the case of 
mouth leak, reduce the cffecdvencss of the ventilatory support. 



Idiaily a vestilaicr:/' assistaixe dc^dcz should sinsilQcscu^iy aciirrss the 
foilowizis 2cais: 

(i) While the subjecr is awakr and Tnaking subsractial vennlacor/ effcrs, the 
delivered assisiance should be closely matcied in phase with the pancnr's encrs. 

Tie -nachine ahould auiomatically adjust the degree of assistance to mainnin at 
least a specified Trirircurn veriiiiaiion, without relying on the integrity or the subject's 
chemore£!e::es. 

(iii) . It shculd coniinne Co work correctly in the presence of Urge leaks. 

Most simple home vendlators either deliver a fixed volume, or c:;'cie bef;yeen 
wo nx^ pressures. They do so either at a njced rate» or are triggered by the patient's 
spontaneous efforts/ or both. Ail such simple devices fail aD meet goal (ii) of adjusting 
the degree of assistance to maintain at least a gi^-en ventilation. They also largely fail 
to meet goal (i) of closely matching the subjects respirator/ phase: timed de^/ices make 
no attempt to synchronize with the subject's efforts; triggered devices attempt to 
synchronize the start and end of the breath with . the subject's efforts, but make no 
attempt to tailor the instantaneous pressure during a breath to the subject's eiiorts. 
Furthermore, the triggering lends to fiail in the presence of leaks, thus failing goal (iii). 

The broad famOy of servo-ventiilatcrs known for at least 20 years measure 
veniiiation and adjust the degree of assistance to maintain ventilation at or above a 
specified level, thus meeting goal (ii), but they still fail to meet goal (i) of closely 
matching the phase of the subject's spontaneous efforts, fer the reasons given above. 
No attempt is made to meet goal (iii). 

Proportional asaistist ventilation (PAY), as taught by Dr Magdy Younes, for 
cxamnlc in PrincipUs and Pracnca of Mechaniazl Venxilmion^ chapter 15, aims to taHcr 
tiic pressxire vs time profile within a breath to partially or completely unload the 
subject's resistive and elastic work, while minimizing the air^^y pressure required to 
achieve title desired ventilation. During the inspiratory half-cycle, the ad minist ered 
pressure takes the form: 

PC) = Pq + R.fRHS?(0 + E.V(t) 

where R is a percentage of the resistance of the airway. fRH5?(t) the instantaneous 
rcsoiratory airflow at time t, E is a percmiage of the slastance of lung and chest wall, 
anH V(t) is the volume inspired since the start of inspiration to the present moment. 
During the expiratory half-cycie, V(t) is aken as zero, to produce passive cxpiraricn. 



An advantage of prcponional assist vennlation during spontanccus br^athin- is 
that ±z degree of assistance is autcmacically adjusxsd co suit the subject's ixnziidiair 
and ±^ir patr^ni of breathing, and is ±^n:r= ccnifortafaic in the snomancously 
brsatmn- subjec:. However, thrre are at least two imncnant disadvantages F-^tly 
V(r) is calculated as the ini^gra] of flew with respect to dme since the su^'of 
inspiration. A disadvantage of caicuJaiing V(t) in chis way is that/ in die Presence of 
leaks,. the integrii of the flow cfarough the leak will be included in V(t),. resuinng in an 
overesiisiaticn of V(:), in mra resuitin? in a runaway increase in the adn±:istsred 
pressure, Tnis can be distressing :o the subject. Secondly, PAV relies on die subje:^.^ 
chemorecepccr reflexes to monitor ±c composition of die arterial blood, and thereby ^er 
die level of spontaneous effon. The PaV device ±en amplincs this spontaneous tffon. 
In subjects with abncnnal chcmoreceptcr reflexes, the spontaneous efforts may either 
csase entirely, or become unrelated 03 che ccmpositicn of the anerial blood, and 
amalincadon of these efforts 'Adll yield inadequare ventilation. In patients with existhig 
Cheyne Scokes breathing during sleep, PAV will by design ampliiy the subject's - 
waxing and waning breathing efSons, and acaially make matters worse by exaggerating 
the dismrbance. Tnus PAV substantially meets goal (i) of providing assistance hi phase 
with the subject's spontaneous ventilanon, but cannot meet goal (ii) of adjusting die 
depdi of assistance if the subject has inadequate cfaemoreflezes, and does not 
satisfactorily meet goal (iii). 

Thus there are known devices diat meet each of the above goals, but there is 
no device that^ meets all the goals simultaneously. Addiconally, it is desirable to 
provide improvements over the prior an directed to any one of die stated goals. 

Tnercfore, the present inwniion seeks to achieve, at least partially, one or 
more of die jfbilowing: 

(i) to match the phase and degree of assistance to the subject's spontaneous effens 
when ventilation is well above a target ventilation, 

(ii) to automatically adjust the degree of assistance to Ftairirai-p at least a specified 
minimum average venrilarion without relying on the integrity of the subject's 
chemorcflexes and to damp out instabilities in the spontaneous ventilaiory efforts, such 
as Cheync Stokes breathing. 

(iii) to provide some immunity co die effects of sudden leaks. 

Disclosure of the Invention 

In what follows, a fuzzy membership fiincticn is taken as reruming a value 
bcweea zero and unity, fuzzy inrersection x XSD B is the smaller of \ and B, fuzzy 
union A OR 3 is the larger of A and B, and fuzzy negation NOT .\ is 1 - A. 



Td^ invcsrion discloses the dcicnniiiaxion of Ac inssntanccus pha^e iu the 
respiratory cycle as a ccntinucus -/ariabic, 

Tnc invcnrion fiinher discicse^ a medicd fcr caicilaung the iiwantaKous 
phase m the respirator/ cycle including at lea^t the sz^ps of deienniniag chat if rbe 
instamEfiOUS airrlcw is sinail and increasing fast, then It Is cicsc rc 'start of insoiracicn 
if the insamaneous airflow is large and steady, a^n iz is cicse to mid-insniraiion if 
ixistantansous airilcw is sinaU and dacr^ing last, then it is cio^e ro niid-xnL-anon, ifr, 
-the instananeous airflow is zero ar^ steady/, then it is during an ind-T?irator/ pausaf 
and airflow conditions iniemiediats bera-een the above are associated with 
correspondingly intermediate pl^es. 



Tnc invention funfacr discloses a niethcd fcr de'-ermining the insiani:aneous 
phase in the respiratory cycle as a ccntinucus variable crcm 0 to 1 revoiuuon, the 
noethod comprising the steps of: 

selecting at least v^o idennnable features of a prototype 
flow-vs-iime waveform /('fj similar to an expected respiratory flow-vs- 
time waveform, and for each said feanjre: 

determining by inspecricn the phase 9^ in the respiratcry 
cycle for said feature, assigning a weight Wn^ to said phase. 

defining a *magnimde" fuzzy se: whose membership 
ftmcaon is a function of respiratory ainlow, and a '•rate of change" 
fozzy se: C^, whose membership function is a fuziction of the rimg 
derivative of respiratory airflow, chosen such that the fii2zy 
intersecnon XSD will be larger for poinrs on the generalized 
prototype respiratory wavefonn whose phase is closer to the said 
feature than for points closer to all other selected features. 

setting die fuzzy inference rule R,>f for the selected reature Fy 
to be: If flaw is Mj^ and rate of change of flaw « then phase = 
w/rA weighs Wjs/. 

measuring leak-correc^i respiratory airflow, 

for each feature F^^ calculating fuzzy membership in fuzzy 
sets Mjsf and C^, 

for each fcanire F^ applying fuzzy mference rule R?^ to 
detcrtnine die fuzzy extent Y\f = M?^ AND Cv to which ±e phase is 
♦n, and 

applying a defuzzificition procedure using at phases 
and weigiits Wj^ to determine the instantaneous phase 
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Prsferabiy. ths ideadnabie f-r,-^- ■ , ^ 

rcsptrarcry noise, in which rhe time ccr^^r h , ^ '° "^^a- 

^ « ^ '' "^ wnstant of Che low na?- f;i,^ 

fiiacuon or an esrinute of the leiigth of rh.^ r^- T * ^ iccraa^in^ 

*5uj^ Oa ute respirarory cycle. 

Tie iavendcn lurther disc^n^/*^ n ^ • 
• 1. cu5c.oses a memcd lor measurins' th- ^t^^t^t.^ 

m the rcroiraicr^ cvc'e as ji^ msiantspxecus oiiass 

def^^on ^ i.:;^: ^ 
lew pa. Si^:^, i-cduc^ i. ^ „- 

. The inveaiion ftirtiier discloses a m^-h~^ f« 
rare, comprising the steps of: tne average respxratoiy 

measuring leak-coirec^l respirarory aixiiow 

«vo.uJ2^ott ™ --^ 0 „ a 

selecting a desired pressure modulaiion amplimde A. 
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—^^5 a uw-^_ i::3:2jQiaj^.j5 deliver/ cr-^our" ac 
prssaurs plus ^le desired Dr«sur^ , • . ' "^piratoiy 

the waveronn tenn^Iare function at ^ said calculated .ha^ ^ and " 
seauig delivered pressure ro ^bje=r to the desired deHvery' pressure. 

The invemion turther discloses a method for providii:g ver^rilator, as=is-^.- • 
a sp™usly breathi^. ,^bjcc: as dcscnbed above, in wS. the rl or Je^If^ 
desiiea pressure modulation anmlia^ie is a 5::ed amplitude. * '"^^ ' 

The inveniion funher discloses a method for providing vennlator. assis^n^. " 
a spontaneously breathing subiec- as ^=r— "n^ • as^isance m 

»u«jc=. as acocnosd above, m wnich the st2?5 -i- 

desired pressure modulation annlimde in which said an^iir./- T ^ ^ 
1.- _, ^ * •uiui^^ m wnicn saia aznputuce is equal to an -'a<!-aT— 

multnJlied by an estimate of the subject's tidal volume. ^ " ^n ,^san^ 

t5 . The invention funher discloses a method for providing ventiiamr-v ^.-ic • 

a spontaneously breathing sufaie-- as d.,^>^ • - "."^ ^^^^^nce in 
f 3 rwaming .utjject as descnced aoove, m which the sieo of se'e-tin? a 

desired^ pressure modulation amplitude comprises the substeps of: " 

specifying a typical respiratory rate -iving^a tyoical cycle time 
. specifying a preset pressure moduladon ampiimde to annly' at said 

20 typical respiratory rata, PP^y at saia 

calculating the observed respiratory race giving an obser^ cyc'e 
tune, and 

calculating the desired ampiimde of pressure modulation as said nrese^ 
pressure modulation ampUtudc multiplied by said observed cycle time divided by the' 
as aaid specified cycle time. ^ ^ 

The invention further discloses a medicd for providing veatilatoty assistanc- in 
a spomaueousiy breaihing subject, including at least the step of determining the eJent 
that the subjectis adequately ventilated, to said e:aent the phase m theresZrory cycle 
ao « d«ermmed from the subject's respiratory airflow, but to the e:cten£ that the subject's 
vemilanon is inadequate, the phase in the respirator? cycle is assumed to increase at a 
pn«et rate, and setting mask pressure as a function of said phase. 

The invention further discloses a method for providing ventilatory assistance in 
» a jpomaneously breatiting subject, comprising the steps of: measuring resniratory 
airflow, determining die extent to which the instantaneous phase in the respiratory cyc'e 
can be determined from said ah^low. to said extent detcrminmg said phlse from said 
airflow bur to the extent that the phase in the respiratory e^cle camu^t be aarorateiy 
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as a nmcrion of said phase. * ^'^^ ^ d«iiverig prsss„„ 

■• Tie invearicn njniie- disc'oses , ^ - 

- -Sarive for longc. ^ :,,:;:!r " ^^-n exp^c:.,, or larg^- 

«raSr ^^,7:: ^^^^^ " 

tim.. from 3can of iaspir^oa. ""'^'''^^ ^ ^ -n:h «spec: «, 

5 

. fcnJ^er discloses a m-'-od -A" 

assasanc in a spoutaxicously breadline sufai^l I^k!^' ^^^'^ 
perfornied at repeated sanjplinginter/ais; of- «^ming the steps. 

ITT^ respirator/ airflow approxi.-nat=Iy correct for 
:Calculanng an index J varvi - ^-^^^r.^^ ^or icajc, 

said respiratory airflow is lar^e ^ '° ' "'"'^ '° '"^ ^ ^'^''^^ -^^^^-"^ 

longer U,a„ expeczed. ^ """'^ or large negative for 

calailatiag a modified airflow eaual tn 
tf« fey negation of said index J. respiratory airflow nmJtipiicd by 

identifying the phase in the respiratory cycle 
of the x^spiraxo^ cycle " '^^'^S ^« portion 

:^-saidr::^'.^^^:rn:: "^-^ - ^ of 

s«nng deUvered pressure to subject to the desired delivery pressure. 

. Tile invention further discloses a m^ru^ -u- ^ 

assistance in a snononeouslybrea^TH- 

. "^"SV Breathing subject, comprising the steos of • 

^l^T^ respiratory airflow approximately corrected for leak, 

tespC'r.: r:;: ;o^:^e rrr ^ 'z-' ^ ^ ^ - 

longer than e;q,e«cd, ^ ^S^tive for 

ideatirying the phase in the respiratory cycle, • 



px.^ plu. a r«isa=c- multiplied by the m^u^J™^;^ " ^«?=r.„ry 

^ ^ 17.^ ' 

0 losactacscus mspired voiuaa, ard ' adjusisd 

seeing delivered pr^srors lo subject a, die desired deiiver. pressure, 

;,uoj< — o nfie^i, comcnsing the jt^Ds of 

describing a desired wavefonn ten^^lae furcrion n(o), wid, doinaiz: 0 ro 1 
ravoiuGon aad raiige 0 to 1, uocajj j lo I 

dsMnnining respirarar/ airnow approximacly correct for leak 

calaUaiing an index J varying from 0 to I esuaj to the Suzzy ex-nr to whf.', 

calculating Jyj^ equal to the recent peak of die index J, 
calculating ibc instamaneous phase in the respiratory cycle 

■=^'=?^*'^iredainplimde of pressure mcdukdon,ch^^^^ 
the degree or vennlation to at least exceed a specified ventilation ^ 

calculating a desir«l deHvc.7 pressure as an and expiratory pressure plus the 

^^.^T^ ^ ^^^^ ^ ^ *e wL ol 

template funcaon n(9) at the said calculated phase <j», and 

setting delivered pressure to subject to said desired imanianeous delivered 

pressure. 

The invention yet funfaer discloses a method for providing assisted ventilation 
to in^ca the subject's need, as described above, in which the step of calculating a 
desired aniplimde of pressure modulation, chosen to ser/o^onirol the degree of 
ventilatjon to at least exceed a specified ventilation, comprises the steps of 

calculating a target airflow equal to twice the targe: ventilation divided by the 
target respiratory rate, 

deriving an error term equai to the absolute vahie of the instantaneous low pass 
filtered respuausiy airflow minus the target airflow, and 



. J'' '^■=33.1 cupped .oKeterwe^, zero ard a marimma. 

-xc_d a speaned vemianon. con5»is« the foilowins stos- 

'^""*"**^ ^ =S"^ " *s ataoims valitt of !h= ms«r^'„. 
lew pa.3 .^i„,ory aMcw a=c airflow 

fil«« an^tade, wi,t a ™ of .ev«al ^ ^ o^a 
iMpmmry cycle, and ^ ' * 

seamg a^e acmal arjplimde of pr«su« modiUatfcn u, equal the said 
low pas. fi^ ^ jal^*°ii' 

W Pte die Mcorrecw ,nn,limde .noldpUed by the Itezy neaanon of 

^ nn^h d» subject's need, and wUh partclar appBcadon » subject, wid. vatying 
resp,ra»ry mecianKts. tasufScicnr n=spitato,y drive, abnottnal cto„r=c»cor re J« 
hypovetmutiou syndromes, or Cheyne Stoto breathing. combit«d wiu, Z adv^ 
^ropomonal assist ventilation adjusted for sudden changes in leak, comprising Ic 
Steps, perfomfid at repealed sampling iniervals. of: 

- - A - -^f^"^ insannneous ma^ pressure as described for methods 
A or B above, 

calculadng the imanianeous ma^k pressure as described for me-Jiod 
C above, 

calculating a weighied average of the above two pressures . and 
settins the mask pressure to the said weighted average. 

rne invention yet further discloses apparams to give effect to each one of the 
methods denned, including one or more transducers to measure flow and/or pressnr- 
processor means to perfonn calculations and procedures, flow generators for the sunolv 



of brssihabis gas a: a prsssui- above acrr^h^v 
"Htt apparatus can include ve-inf-.ror- 

Brief Descrqaion of the Drawings 

A mimisr of snbodimem will now be d«c-<fc=i - 
icconqjanyiaf drawings in which: '"»-.-ce_ wuh rarersace to 

Figs, la and lb 3hcw accarans fnr - 
5 invention respectivsiy; for msi ana second eabodioeac of the 

-Pirato. CK. a .<ir. -4^;^" ~ - P^- . in the 

-zero-, •a^po.invc", ^ "^^"^.^. '^1 1'' "^^ 
acconfing to the fc. e:nhcdin,en. of ZZILTJ^ 

-n^> i=*e:r:;fit^.rrcS^ — -''■■^■^ «- 

ait^ow aocor^n, to the fit. =^ »' =^ 

«p.t,„t. cie ^ ars'::^'jr:::i^.'— - 

^ r^lT:^^^' ' « — on Of ^ .nne the 

ti^ Ji'ni^iirSiCr^ «-«on ^ „ , 

Of the t^piratot. ait^^iSHTht::?""^ (r^ve-to-poai^ve, zero croaaing 

»> Which the ^apiratory aX hTL 

spraiory anflow haa been posinve for lonjer than expected; 

^S- « sio^ > "etnberahip function for iiEzy „• eT a^ , • ^ 

tespmtoty airflow, such that th- menibe-^hin « . ^ « ' on of 

uu^L ui^ m cmDersmp fiincacn measures th» *-«-r».^ i.- s. 

respiraioiy airflow is large posicve; Pleasures m> exaar to which 



_ r:g. 9 aa eiecrncal a::aiog of the caicuJarloa of . ^.r - • 

^ Jfeaz from the izi^o^^cu, jannni., index J I«« jan«nng 

Fig. 10 shows the calcalation of ame consra^ . , - • , 
s«ps in the calculancn of the ccnduc:aJ^,TtlTn L " 
s janning index Jps^. * a funcuon or the recent peak 

. • Fig. II shows a prororypical respiratory flow-on-^ cur.e wirh m.. u 
axis, marJcng nine features; °^ 

Fig. 12 shows measfaership iuncaons for fiizr/ ses "i.r^- 

0 .tespiraicr/ airacw acconiing to a -==^.T ^ ^ ^^^""^ 
/ ^''-''^^^ ^°**==^a^^^faodmestof:heinve^t:cn- 

-ri.i.,» n:cn:bership fcncnons for toy sets -felling^ v^,,., , , 

nsmg as runcdons of nonnalized rat- «f - ' ^ • 

according, a 3econ.e.hcdin:e.1^^^^ °^ ^ow df/dt 

Fig. 14 shows the men^ber-^ func^on for msry set "hyt^oonea- 
. rig. lo shcw3 the calculation of the time constant "for c'sl^,i=.- - 
nor:nai:^.d recent ventilation, as a funcdon of "ser^o ^in'^e^n. I °' 
ser/OH:omroI of minute ventiiadon to n ^easz e-ce^ a ll L """^ 
p. ,u ^ ^'^'^^ * specmed target ventilation- 

, fmiction for fuzzy set -hyper^nea" ^ • 

offlormalized recent ventilation; iiyp«?nca as a funcnon 

^ Fig 17 shows the a:en.benhip function for n^y set "big leaic" as a function of 

menjbership functions for fuzzy sets "switch negative" and 
swTtcn.posiove'' as a function of nomalizedrespiratotyairrl^^^ ' 

Fig 19 shows tiic n^mbership functions for fuzzy 'sets "in^ ohase" ^ 

F.g. 20 shows schematically how function W(y) used in ri.^,L- • 
=±0^ of the ™a durio, ^ ^^3, ^ 

«™ « ''i.^' ' ^ at 

pcmc (c) afer a precidmf deep breath (a); 

^ ' ""'^ ^ effort ceases « anew 

Kg. 23 is recorded wi* ur,c gam ,e: high, and ^ow. that a ce=rrU apnea is 
«, logger permnred wheu effort ceases at arrow (a, despite precediBg deep hrea^: 



rig. snows 3uton:aic3ily incrsasing scd-iiis?iraror/ orsssura as s-^hi^ 
iia:^ voIiiEraniy dfispsr inspiisicr/ ii&rts; ' ' 

Fig. 25 is recorded with a scmcA^bat mors scuar: -^avefona sei-^e^ and 
shows aniomaticaUy incrsasiiig pnssare support when the subi^x: voIuc:arii7'a^ts 
to rssist by stiircning -ie chest wall at point (a); 

Fig. 26 shows that with sudden onset of a sever 1.4 L/sec leak at (a) the flow 
«gnai retuim to baseline (b) within the span of a single breath., and pressure continues 
to cydz ccrreciy Aroughcui; and 

Fig. 27 shows an acnial 60 second tracin- showing respiraror/ airflow.. (heav>- 
.trace, ±1 Uz^ veil scale) and insiantanscus phase (light traca, O-l ravolurion fiiU 
scale). 

Descxiptioc of Preferred 

The two ambodiments to be described are /cnriiators -J:at operate in a manner 
that seeks to siimiltanecusiy achieve the three goals stated above. 

Urst Embodiment 

Apparatus to give effect to a first embcdimeat of the apparatus is shown in 
Fig. la. A blower 10 suppUes a breathable gas to mask 11 in communication with the 
subject's airway via a deHvery mbe 12 and eshausad via a exhaust dirfuser 13. 
Airflow to the mask 11 is measured using a pneumotachograph 14 and a dinerential 
pressure transducer 15. Tne mask flow signal nrom the transducer 15 is then sampled 
by a microprocessor 16. Mask pressure is measured at the port 17 using a pressure 
transducer 18. The pressure signal from the transducer 18 Is then sampled by die 
microprocessor 16. The microprocessor 16 sends an instananeous mask pressure 
request signal to the servo 19. which compares said pressure request signal with acroal 
pressure signal from the oransducer 18 to the control fan motor 20. The 
microprocessor settings can be adjusted via a serial port 21. 

It is to be understood that the mask could equally be replaced with a 
tracheotomy mbe, endotracheal mbe. nasal pillows, or other means of maifing a sealed 
connection between the air delivery means and the subject's airway. 



The microprocessor 16 is programmed to perform the following steps, to be 
considered in conjunction with Tables 1 and 2. 



Tabig 1: F'lizrr In/gr:acs Rides for a grst snibcdimsst 
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10 


aiwsys 








phase is 


Unc'nanged 



Table 2. Association of phases wixh fuzzy roles for a Hist smbodiment. 



N Phase 




1 1 Stan Ii3spiration 


0.0 


2 


Early Inspiration 


values 
inisnnediata benveen 
0.0 and 0.5 


3 


Peak Inspiration 


4 


Late Inst^iradon 


5 


Start Exniration 


0.50 


6 


Early Expiration 


values 
inteimediacc betwesa 
0.5 and 1.0 


7 


Peak Expiration 


8 


Late Expiration 


9 


Expiratory Pause 




10 


Unchanged * 



1. Set desired target values for the duration of inspiration TIxgt, duration of 
expiration TE^gX' minute vendlatian ^jcTT* Choose suitable constants Pq and 
AsTD where Pq is the desired end expiratory pressure, and Astd ^ ^ desired 
increase in pressure above Pq at end inspiration for a breath of dmration 

TTxgt=TItgt"^TExgt 



f^T 'TT' ^"""^ « tint shown in Fi.. . 

P = Po + A n(0) 

5 wher= the aEcliiuds A equals the diffenracs faewesn the enH ^c^- 

and end expiratciy pressure Po«, ^ «^ inspiratory pressure 

Apiiaiciy pressure. Jiowever. other wavefcrms mav he - 
subjects with particular nseds. nns nuy be suitable ror 

3. Iniri?^lT7r die phase <J) in rh?* ^ j 

- res?u.tciy cycle lo zero, and initialize the oirr-nr 

estmiaies of acruai insoirator,' ard ^-f^i^m^r w • ^ a«:_currcat 
u-^piiarory am -xpjatcry duraucn TI and TE to TT-r?.- atvj 

" ^ "JS T " ---- 

A<S^ = 0.5 T / TIjcT 

5. Iiiitialize the rate of change of phase during expirati^^ 

Ac^j = 0.5 T / TExGT 

6. Measure the instantaneous respirator/ airflow fRTsp. 

7. Calculate die average total breath duration TT = IT -f- TE 

8. Lo^ pass filter the respiratory airflow wi& an adjustable tin« constant 'xf whe^ 
-c^ IS 4 fixed small fraction of TT. 

9. Calculate the instantaneous ventilation V. as half the absolute value of the 
respiratory airflow: 



V = 0.5 IfR^spl 



10. From the target ventilation Vtgt and the measured minute ventilation V. derive an 
error term Wssr. such that large values of indicate inadequate ventilation: 

^miR = J (Vtot-V) dt 

11. TaJceVa^^ as the result of low pass filtering V with a rime constant rV^^j, which 
is long compared wi± TT. 
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^NORM. ^hxss 



13. From f^foRiA, calculate tbe ^. , 
-=b«hip «^c« are *cw^„ « » of the 

14. CaJcaJaie a normaJiz^d raa of ciian 

TO the cu.^nt estunare of t^e avera^T^flf'^^"^^'^' '^'^ ^ ^^^ORM/<i: divided bv 

Average respuaiory cycle ome TT. --' 

15. From the aonaaJizcd ^ ^-^^ 

the fuzzy sets shown in pjg^ 4^ — °^ menioership in each of 

3 16. For each row N in Table 1, calculate the - 

shown in the cciunin labelJed Fuzzy Ph^pT " ^ set 

Shown. ^P^y«^ the fuzzy inference niles 

17. Associate with the resuJt of each of rh. v , 

nouns that is the cnrrentXcT " ' '"^^ " ^^^^ « ''^^^^ 2. 

13. Increase each of the (tv e-c^^r,-,,,, * ^ 

previous low pass filtering Step. ^ ^° ^ ""^^ coinpensaie for the 

19. Calculate a new instamaneous ohase a» 

N unit n:asse3 at polar coordinL of SlS f h"^! 1"" °^ ""^^ 

or radius and aagJe Oj^ revolutions. 

20. Calculate the smaUist signea^dij^erencs AO^ k 

previous step and the curremp^ir^^ ^^'^^'^P^'^^^ 

'i'^-ST= *INST-'l' + 1 _ 
A*INST = *".* <W-I'<^.5) 

(otherwise) 

21. Derive a revised estimate A<I>., 1 

4 ^-^^INST (orfaffrAosc) 



wi^^er "/siU3s or W wili cans* 

uarase tboogh iniKaadiats raogs " ™»/ « the subject's veatUatioa 

= 23, Cifcdste AOjiv^o mfluenced chieay b» AO ^,^„ • ■ 

an mianaediats raags: 'u^ucis rr yeauianon is in, 

24. fiicremeat <I> by ^<I^l2ND 

«. ^ -e^= -e Of cM^^e of pb^se (.O, o. „ app^pria., 

i'^E - TrtvBAJ. CA«BLJND - AOj) (o*en»ise) 

~ 0.5 T / A<6j 
TE = 0.5 T / A<1>£ 

27. Calculate the desired ma5k pressure modulation ainplimde Aj,- 

^ ■ '•<TT>2-TTsto) 

Ad'As^-TT/TTsto (otherwise) 

^u^aT ""^^-^ -'Nation 



^ (otherwise) 



wh=r= U.-.=r val^ ox K wiu produce . fe« comml of *e dc^- 

as.^-^-. .Bd s=aU,r valu« of 5 ^„ ^^r^^'Z 

dsgrsa or asszataiss. oime 

29. SiiC is saask prsssura Ptwl^x 

30. Wair for a samplii^g mrer^^ T, slion coEparad with the duraticn of a .^ira^or/ 
cyce, ard ths:: concime u ibz sap oi meas^iring raspL-ator:/ airflcw. 

Measnreaient of raspiratory airao\s' 

A5 follows from above, n is nsc^sssr/ to rsspiratcr/ airflow, whica is a 
standard ?T=«dur= on.- skilled in the art. In chc absence of leak, rs^^iratcry air-^ow 
can oe measured direcdy with a pneuniccchograph placed barA^scn the ir^k ^j^^i th. 
exhausi. In the przsszcz of a possible leak, one method disclosed in E-rcDea^ 
Publication No 0 651 971 incorporated herein by cross-reference is to calculate* the 
mean flow through the leak, and thence calculate the amount of modulation of the 
pneumotachograph flow signal due to modulation of the flow through die leak induced 
by changing mask pressure, using the following steps: 

.1. Measure die airflow at die mask fMASX«2in§ a pnrjmctachograph 

2. Measure the pressure at the ma^v Pma5X 

3. Calculate die mean leak as die low pass filtered airflow, with a time constant long 
compared with a breadi. 

4. Calculate die mean mask pressure as die low pass filtered mask pressure, widi a 
time constant long comparsd widi a breazh. 

5. Calcul a te die modulation of die flow through die leak as: 

5(Ieak) = O.i times the mean leak times die inducing pressure, 
where dis inducajg pressure is P^asx - niean mask pr^sure. 

Thence the instantaneous respirarory airflow can be calculated as: 

fRE5? = ffriASX ' ^san leak - S(leak) 

A convenient extension as further disclosed in EP 0 651 971 (incorporated herein by 
cross-reference) is to measure airflow f-rmiBiNE and pressure Ptursine at tbc outiet of 
die mrbine. and dience calculate P^^^k and f^^sK by allowing for die pressure drap 
down die air delivery hose, and die airflow lost via die exhaust: 

1. aPhosE = J^i (Ptursine) - ^iC^Timau^Bp- 

2. pmasx = Ptursine - ^hose 
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Altamative embodiment 
5 The follcwing erafacdimeni is pardcilariy applicable to subjects winh var>'ii:g 

respiratory niechaiiica, insufSciear respirator/ drr/e, abnoraai caemorec^rcr rerlexes. 
hypovenrilaiicii syndromes, or Cheyne Stoics hx^±in^. or to sifajec-^** 
abncnnaiities of th- upper or lower aizrvays, lungs, chest ';van, or ne-Jramuscalar--- 
-^ystezi. " 

10 . Many panezis with aevere lung disease cannot easily be reared using a smooth 

physioiogicai pressure waveionn, because ±e peak pressure required is ui^cceptabiy 
high, or unachievable 'vith for example a nose-mask. Such ^zticmz may prefer a square 
pressure waveform, in which pressure rises explosively fas: at the moment of 
commencemeni of mspiratory efion, rnis may be partiralariy important in padsnts 

15 with high inrrinsic ?HH?, in which it is not practicable to overcome the intrinsic ?EH?' 
by Che use of high le^/eis of extrinsic P£H? or CPA?, due co the risk of hyperintladon. 
In such subjects, any delay in triggering is perceived as very distressing, because of the 
enormous mis-mamh between expected and obser/ed support. Smooth waveforms 
exaggerate the perceived delay, bemuse of the time taken for the administered pressure 

20- to exceed the intrinsic PEEP. This smbodimesx permits the use of waveforms varying 
continuously from square (suitable for patients with for example severe hmg or chest 
wall disease or high intrinsic PEE?) to very smooth, suitable for patients with normal 
lungs and chest wall, but abnormal respiratory conrrol, or neuromuscular afanormalides. 
This waveform is combined cither with or without elements of proportional assist 

2S venrilaiion (correc»i for sudden changes m leak), with servo-ccnirol of the minute 
vcaiilanon to equal or exceed a target vcmilanon. The latter scrvc-conirol has an 
adjustable gain, so that subjects with for example Cheyne Stokes breathing can be 
treated using a very high servo gain to over-ride their own waxing and waning patterns; 
subjects with various central hypovenriiation syndromes can be treated with a low servo 

30 gain, so that shon central apneas are permitted, for example to cough, clear the throat, 
talk, or roll over in bed, but only if they follow a previous period of high ventilation; 
and gonna I subjects are treated with an intennediate gain. 

Restating the above in other words: 
35 • The integral gain of the ser/o-conrrol of the degree of assistance is adjustable from 
very fast (OJ cmH^O/L/sec/sec) to very 3low. Patients with Cheyne-Stckes 
breathing have a very high ventilatory control loop gain, but a long control loop 
delay, leading to hunnng. By setting ±c loop gain even higher, the padent's 



conrciler b r^-ili^. Tni, praver^ ±, 5.-0.^= h^c^s^s that acr^y 
occurs danng each cycle of Cheyne-Stokes brsaihing. azd this is '/cry reassur-ig to 
the patiesi. Ir is impossible for them to have a central apnea. Conversely, subjeca 
with obesity-hypovearilauon ryudrome have low or zero loop gain. Thev will u^r 
feci breathless during a central apnea. However, they have 'much muc-js'and aesd 
to cough, and are also onea very ficgery. needing to roU about in bed. This 
requires that they ha'/e ccniral apneas which the machine dees net acempc tc treat 
By setting the loop gain very low. the patisst is pennitad a5 ake a coup'ie of deep 
breaths and then have a mcderazs-length cesaral apr^a while coughing, roUi^ 
over, ere, but prolonged sustained apneas or hypopneas are prevented. ' _:z 

Sudden changes in leakage flew are ds^scted and handled using a fuzry lo<^c 
algorithm. Tne priacipic of the aigorl-Jan is that the leak filter time constant* is 
rsiuced dynamically to the fuzzy extent ±ai the apparent respirator:/ aiiilcw is a 
long way uom zero for a long time compared with the patient's g~?-°cted 
rBspixatory cycle length. 

Rather than simply triggering between two states (IPA?, E?AP), the de'/ice uses a 
fuzzy logic algorithm to estimate the position in the respiratory cycle as a 
connaucus variable. The algorithm permits the smooth pressure waveform to adjust 
it's rise time automatically to the patient's instantaneous respiratory pattern. 

The fuzzy phase detection algorithm under normal conditions closely tracks the 
patient's breathing. To the extent that there is a high or suddenly changing leak, or 
die patient's ventilation is low, the rate of change of phase (respiratory rate) 
smoothly revcrte to the specified target respiratory rate. Iu)nger or deeper 
hypopneas are permitted to the extent that vcadladon is on average adequate. To 
the extent that die servo gain is set high to prevent Cheync Stokes breathing, 
shorter and shallower pauses are permitted. 

Airflow filtering uses an ad^tive filter, which shortens it's fiTTv constant if the 
subject is breathing rapidly, to give very fest response times, and lenthens if the 
subject is breathing slowly, to help eliminate cardiogenic artiact. 

The fuzzy changing leak dctecdon algorithm, the fiizzy phase detection algorithm 
with its differentiai handling of brief expiratory pauses, and handling of ghaTig ^ng 
IcaJc, together with the smooth waveform severally and cooperauvely mate the 
system relatively immune to the effects of sudden leaks. 



• Sv suitacxy se==g varlcu. parazne:=r3. tt. s>-ste3 can operate in C?AP bu^^^^ 
spcnai:c=u., biL^vei mned. prcporticnal a^st venrilauon. volunxe' cvcie^- 
veanlaticn, and voimnc cycled ser.o-ve^nlaHon. and therefore all chc.e modes ax^ 
sabses or the preseai emfaodinieai. Eowever. the present enicdinienr peraiti 
stai=s^ of operation tiiat can not be achic/ed by any of the above rat^s, and is 
itsrarore distinct crora thea. 

Notes 

Ncxz 1: in rhis second anbo^nt, the names and syrnbols used for •serious qu:smv'es 
Tnaj oe dijjerzm lo thass. used in the first inwcdimem. " 
Note 2: The term "s-^g' is used :o refer to the difference ber^een desired 
instantaneous pressure ar end inspiration and the desired instcnxaneous pressure at end 
ezpiratioh. 

Note 3: A fuzzy membership funaion is taken as returning a value ber^esn ■ ^^ro for 
complete nonmembership and unity for complete membership. Fuszy intersection A AND 
Bis the lesser of A and B. fu^j union A OR 3 is the larger of A and 3. and fuzz9 
negation NOT A is I - A. 

Note 4.; roattx) is the square root ofx. abs(x) is the absolute value. of x. sign(x) is-^ifx 
is negative, and ^1 otherwise. Am asterisk C) is used to explicitly indicate 
■ multiplication where this might not be obvious from context. 

Apparatus 

The apparatus for the second embodiment is shown in Fig. lb. The blower 
110 delivers air under pressure to die mask lU via the air deUveiy hose 112. Exhaled 
air is c»iausted via the exhaust 113 in the mask 111. The pneumoJacfaograph 114 and a 
differential pressure transducer 115 measure the airflow in the nose 112. The flow 
signal is delivered to the microprocassor 116. Pressure at any convenient point 117 
along die nose 112 is measured using a pressure transducer 118. The ouq)ut from the 
pressure transducer 113 is delivered to the micrccontroUer 116 and also to a motor 
servo il9. Pne microprocessor 116 suppUes the motor servo 119 with a pressure 
request signal, which is Chen compared with the signal from the pressure transducer 118 
to control the blower motor 120. User configurable parameters are loaded into the 
microprocessor 116 via a communications pen 121. and the computed mask pressure 
and flow can if desired be ou^iut via the communications port 121 . 



Tiifi following user adjustable panins-rs ars specified and sicrsd: 
ma.-. ?erai53ibie pressure I nnxL^r^i^ni peraisiiDle unsk ar=s^.r. 



nia;; swing 



min swing 



n-^axiinuin permissible differerxe benveen end inspiraior/ 
pr^sur; and end e;cpiracory pressure, * 



^iHmun: cermissible diference bers^ea end insptsrcr:/ 



min permi.ssibie pressure 
target* ventilarion 


cjqjinuor/ t^rassure . 
^^i^^uxa pcmnssibie mask ijressure 

nrnute ventilaccn is jevo-conrroUed :o equal or exceed :hil 
Guannxy 


targec-firequency 


i--ectea zzsvirzsor/ rate. If chs patieni is acaievng " ao 
respiiator/ airflow, ±e prsssurs will c/cls at rbis ^^mercv 


target duty c;/cie 


Exnected rstio of iiissiratir>r^/ rir**» ♦n r^-^r/^iA tj? i 
v/i u-iM4i.au^i y uii.w uj cycie uTne. If the 

pacsnz is achieving no respirator/ airflow, tha prsssare wiil 
ibilow ais chir/ cycle 


linear resistance andquad 
resistance 


resistive unloading ^linear resistance * f ^ quad^resis^^ 
* 3ign(f),where f is the respirator/ airflow. where sign(x) 
_= -I for X < 0. -rl otherwise j 


elascance 


Unload at least this much elastance 


servo gain 


gain ror ser/o-ccnrroi of minute ventilatxcn to at least exceed 
target ventilancn. 


waveform time constani 


Elastic unloading waveform time constant as a fracaon"of" 
inspiratory duration. (0.0 ^ sauare wave) 


hose resisxance 


^ trom pressure sensing port to inside magy- ^ ^^q^^ 
resistance times the square of the flow in the inrer/ening 

mbing. 


diffiiser conductance 

■ L 


t^icw through the mask exhaust son = difiuser conductance 
* root mask oressure 


At initialization, die foUowing are calculated n^m the above user.specij5ed settings: 

Tne expected duration of a respirator/ cycle, of an ihspiraiicn, and of an expiration are 
sex respecdvely to: 



^TOT — ^ ^ lar^e: respiraxorj raie 
STD Ti = 5723 Tj-qy ^ target durj cjcU 
STDTt^ SID Tjor-STD Tj 



i 
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r^-d rates of Change of piuse (re-^ohitu^s per sec^ , 
esciradon are se: respecavely m: aspiration and 

STD doj = O.S/STD Tj 
STDd^g = 0,2 /STD 

Tile instantaneous elastic succorr 3t anv ■ • i. 

, - ^ P^'« ? "a respiratoiy (rycie is given by- 

PEL(9) = swjng « n(9) 

whe^ ^./n, is th. pr^suxe at =nd inspiration nunus the pressure at end a;^iration, 
ii(9;-f-^? during inspiration, 

rt((?-0.5) during axpiraticn 

and r is die aser-seieciable waveform time constant. 

If r = 0. tiien nc?) is a square wave. Tne maximum implemented value fer - = 0 3 
prodaca^ a wavefbnn approximaBsiy as siiown in Fig. 5. 

Tne mean value of U(i^) is calculated as foUows: 



Operations Perfonned every 20 MOUseconds 

The foUowing is an overview of routine processing done at 50 Hz: 

measure flaw ax flaw sensor and pressure at pressure sensing port 
catadate mask pressure and flaw from sensor pressurz and flow 
^ adadaxe conductance of mask leak 
calcul a t e Instantaneous aiiflaw through leak 

calculate respiratory airflow and law pass filtered respiratory airflow 
calculate mask on-off stoats and lead-in 
calculate instantaneous and recent peak jamming 
: calculate time constant fl3r teak conductance cataulations 
■ calculate phase in respiratory cycle 
update mean rates of change of phase for inspiration and expiration, lengths of 

inspiratory and expiratory times, and respiratory rate 
add hose pressure loss to EPAP pressure 
add resistive unloading 



cilculcre instcMmzeous dastic assistcncs required to serjo-control yerttilcxion 

esTimcia mszaivcanecus dcsnc recoil pressure using various assuntptions 

wef^/ir and combine estimaxes 

add serjo pressure to yield desired sensor pressure 

serjo^orjnrol motor speed to achieve desired sensor pressure 

The details of each step will now be cxplaiizcd. 

Measureraeat of Jlow and Prtssnre 

Row is measured a£ the cutle: of die biowcr xisiBg a pneumotachograph and differeniial 
pressure transducer. Pressure is nieasured ar any ccnvenieni poinr between the blower 
outlet and the mask. A hunndiner and/or anu-bacierial filter may be insened between 
the pressure sensing port and the blower. Row and pressure are digitized at 50 Hz 
using an A/D converter. 

Calculation of mask flow and pressure 

The pressure loss from pressure measuring point to mask is caJailaied from the flow at 
the blower and the (quadratic) resistance frr^m measuring point to mask. 

Hose pressure loss = sign^flovj) * hose resistance */7^w 2 

where sign(:t) = -1 for x < 0. 4-1 otherwise. The mask pressure is then calculated by 
subtracting the hose pressure loss from the measured sensor pressure: 

Mask pressure = sensor pressure - hose pressure loss 

The flow dirough tbc mask exhaust diffuser is calculated from the known parabolic 
resistance of the diffuser holes, and the square root of the mask pressure: 

diffuser flow = exhaust resistance ^ si gn(mask pressure) * 
root(abs(7nask pressure)) 

Finally, the mask flow is calculated: 



mask flew = sensor Jlcr^ - diffuser flov/ 



0 



mete, m diagnostic mcd., ,1^ ^ ^ LhT^ „ , " """^^ 

dsnnidon. pressure is set to zero by 

Cocductaacs of leak 

Taz ccr^^s of tie ieaic is caicuiated as foOows: 



.c^r ,,«zr^,:,^«r, = sign (P^^ .J^^^ . 
^'''»^'^'^rjlc^ = low pass fi^edma^aiTflov. 

Tiie dme constant for the rwo low pa.3 filrering steos is initialized co 10 secnnd, . 
adjusted dj-naniicaUy thenafter (see beiow;. * ""^^ 

lostantanectis flow through leak 

insununecus flow through the leak is calculated from the instama^ecus mask 
pressure and ±s conducance of the leak: ^"«icous mask 

inszcmamaus leak = conductance of leak - root mcsk pressure 
Respiratory Airflow 

Tic respirarcry airrlow is the difference between the flow at ±e mask and the 
Jnstanianecus leak: 

respiraorj airflow = mask flaw - instanumeous leak 
Low pass filtered respiratory airflow 

Low pass filter the respiraiory airflow to remove cardiogenic airflow and other noise 
The Dme constant is dynamicaUy adjusted co be 1/40 of the anient estimaied length of 
the respiratory cycle Ttot (initialized to STD.Ttot and updated below). This means 
thai at high respffatoty rates, there is only a shon phase delay introduced by the filte- 
but at low respiratory rates, there is good rejection of cardiogenic airflow 



iVIask 033/oii status 



rae masx ,s assuir^ co initially be off. An off-on transition is taken as oc-:.rrin^ 
r wnen the r^piratory airrlow .^ce. above 0.2 Usee, and an on^ff transx^^ 
tafcn as occurring if the n-^.k pressure is less than 2 cniH^O for mor^ than l . 
seconds, " " "^'^ 

-Lead-in is a qnanur/ chat nins frcm zero if the niask is orf . or has just been doz^'e^ to 
1.0 ir ths mask has-been on for 20 seconds or more, as shown in Figure 5. 

Calcjiation of instamaneons jamming indcs, J 

J is the ftey eaenc to which the impedance of the leak has sadd^y char^.^ r ^ 
calculated as the fuzry extent to which the absolute magninzde of the nrsoL^tor. alnlow 
is* large for longer than sxpeczsd. 

The fuzzy extent Aj to which the airflow has been positive for longer than exnecad is 
calculated from the time tzj since the last positive -going zero crossimr of the calculated 
respu;atory airflow signal, and the expected duration STD Tj of a normal insT:uaiion for 
the particular subjec-^ using the fuzzy membership function shown in Figure 7. 

Tic fiazzy exienr Bj to which the airflow is large and positive is calculated from the 
instantaneous respiratory airflow using the fuzzy membcrshin function shown in ^-ure 
8- * 

Tlie fuzzy ocrent I, to which the leak has suddenly increased is calculated by calculating 
die 6azy intersection (lesser) of and Bi. 

Precisely symmetrical calculations are peifbimcd for expiration, deriving I^.as die 
fuzzy extent to which the leak has suddenly decreased. is calculated from T^e and 
Te. Be is calculated from minus fa^sp, and Ig is the fuzzy intersection of Ag and B^. 
The instantaneous jamming index J is calculated as the fuzzy union (larger) of indices 
I| and Ie- 



Recant peak jamming 



If difi instaciancoiis jamming index is larger y^a^^ the currenr value of the rscenr peak 
jamming indsx, dien die recsni peaSc jamming index is set to equal die inszanianeouo 
jamming index. Otfaenvise, the rccsar peak jamming index is se: to equal the 
instanianeoua jamming index low pass ffiierad -ivitii a time constant of 10 seconds. An 
electrical analogy of ±e calculadon is shewn in Fig^Jie 9. 

Time constant for leak conductanca calcnlaccns ir- 

If ±2 condnctance.-of uie leak suddenly changes, then ±e caiculaied conductance will 
initially be incorrect, and will gradually approach ±c ccrrec: value at a rate which ^Adli 
be slow if Che time consiani of the low pass filters is long, and fast if the ame constani 
is siicit. Conversely, if the impedance of ±e leak is sieady. the longer the time 
constant me more accurate die calculation of the instantaneous leak. Therefore, ir is 
desirable to lengthen the time constant co the axteni that the leak is steady, reduce the 
r fn^ constant to the extent that the leak has suddenly changed, and co use intermediately 
longer or shorter time constants if it Is intermediately the case that die leak is steady. 

If there is a large and sudden increase in the conductance of the leak, then the 
calculated respiraicry ainlow will be incorrect. In parriailar, during apparent 
inspiration, the calcalaisd respiratory airflow will be large positive for a time that is 
large compared with the expecied duration of a normal inspiration. Conversely, if 
there is a sudden decrease in conductance of die leak, then during apparent expiration 
the calculated respiratory airtlow will be large negative for a time that is large 
conmared with the dnranon of normal expiration. 

Therefore, the time constant for the calcalaricn of the conducance of the leak is 
adjusted depending on JpsAK' ^oich is a measure of ±c mzzy extent that die leak has 
recently suddenly changed, as shown in Figure 10. 

In operation, co die extent diat there has recently been a'sudden and large change in the 
leak, JpEAK ^ ^ ^ constant for the calculation of the conductance 

of the leak wiU be small, allowing rapid convergence on the or^ value of die leakage 
conducance. Conversely, if the leak is steady for a long time, JpeaX ^^^l ^malU 
and the time constant for calculation of the leakage conductance 'vill be large, enabling 
accurate calculation of the instantaneous respiratory airtlow. In the spectrum of 
intermediate simations, where the calculated instantaneous respiratory airflow is larger 
and for longer periods, JpcAX ^ progressively larger, and the time constant for 



iaicn cf ±a l:zk ^01 arograsoiveiy nxh:«. For sxample, at a momesi in 
where ir is uncnain whether the leak is in f^. constat, and the subject has nie-ew 
co^nc^ a larse sigh, or whc±er m fac: there ha. been a sudden increase « J 
leak, the mdex w:ll be of an intennediate value, and the time constant for colcolation nr 
the iinuedance of the leak vnil also be of an intennediate value. The advantage is 
some ccrreca'/e acncn wUl occur ver:/ early, but without momentary total loss o- 
Icowledge of the impedance of the leak. * 

Tr tsta nraneo us phase in respiratory cycle 

Tns cuireat phase ? runs from 0 for stan of inspiration to 0.5 for stan of exDir^acn to 
1.0 for end expiration = start of next inspiration. Nine separate features (peaks, zero 
crossings, plateaux, and some intennediate points) are identified on the waveform, 'zs 
shown inHgure 11. 

CalGdcaion of normalizsd respiraxory azTjlcr^ 

The filtered respiratory airflow is normalized with respeci to the user specified target 
ventilation as follows: 

standard airflow = uirget venrilation / 7.5 L/min 
r — filtered respirazory airflavt / standard (urflaw 

Next, the fuzzy membership in fuzzy sets large negative, small negative, zero, smafl 
positiTe. and large positive, describing the instantaneous airflow is calculated using the 
membership functions shown in Figure 12. For example, if the normalized airflow is 
0.25, then the airflow is large negative to extent 0.0, smaU n^ative to extent 0.0. 
zero to extent 0.5, small positive to extent 0.5, large positive to extent 0.00. 

Caladadon ofnonnaiized raxe of change ofaufUnv 

The rate of change of filtered respiratory airflow is calCTilarpd and nonnaUzcd to a 
target ventilation of 7.5 L/min at 15 breaths/min as follows: 

' standard df/dt = standard airflow • target frequency / IS 
-■'•calculate dffiltered aijflow)/dt 

low pass filter with a time constant of 8/50 seconds 
normaUze by dividing by standard df/dt 
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^ luii^^^^ sxzszovrn in rigure 13 
Hypopnea is the fuzr/ ccisai to «/••,•• u 

.= ^-«pa^c.fo.^p.^^^:^^,»™ ^ The 

c<^„ ^^^^^ 

Rficsnt Teatilation is also a ^ow n^c- fjjr^^^ u - 

* J t . ■«r!3, ice urns conszant is suHr- crrk -r 

expected length of a typical brsach. ^ ^TOT- the 

^^oiuxe airffo^. ^ 2 * torse: v^.n::u:r:on 
normalized recent ventikaion = 
: ■., re««r vewztow/, / target absolute axTflow 

Hyperpnea is the fazsr/ err-^ir . 



Big Leak 



The fiizzy exrenx to which the— \^ ui % i - 
M&a-uaMz) s«s conc^ withfuaj ••riggtring- 
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Inurar.c2 RuUsfcr Phase 
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u iei^hr , a. ..own u. Fi,"^ 20. I„ =a,e^,„„ Z^Z^T 
" o -u- j*.^^. Oi a and b, fuzzy umoa a OR h a- 1 
ofa and b. and fttszyaegaiionNOT a is 1-a. ° « & is the laig- 

The fim fuzzy rule indicates that lacJdng other infonnaricn the phase is to Ir^. 

especially 21 tfaers is a lar^ v^^v ^i'r i^,^^ • . , *5-^«-i^, 

y J ^ ^-Jas recently been a sudden chanar-in 

leak, or there is a hypopnea. --"i^ jn 

■ ^STA^fDASD = 5 + io » ^ 26 ^hyopopnea + i5 * big Uak 

Tne next batch of fiizzy rules correspond to the detecaon of vanous features of a 
typurai flow-vs-tinie =ur,e. Pnese rules all have unit weighting, and are conditional 
upon the fuzzy membership m the indicated aes: 

'^EARLims? = ^ (rise and sttmU posinve) 

^PE.<KlNS?^ ^(^S^P<'^i^'': Am steady AM) NOT recent peak jcntming) 
•:■ ^LATE INS? = Wffall AND sttuzU posiw/e) 
: , • ^EAJiLY EX? = W'ff'all AND small negative) 
• '^PEAKEX? = (large negative AND steady) 
■ . ^LATEEX? = '^(rvs AND small negative)' 

Hie ne« rule mdicates that there is a legitimate e.tpiratcry pause (as opoosed to an 
apnea)..if there has been a recent hyperpnea and the leak has not recently changed: 

^PAUSZ = OtyperpneaAND NOTJp^) * W(steady AND zero) 

Recalling that die tiinc constant for hyperpnea gets'shorter as servo gain mcreases. the 
permitted length of e:q)iratoty pause gets shorter and shorter as the servo gain 
increases, and becomes zero at maximum servo gain. Hie rationale for das is that (i) 
high servo gain plus long pauses in breathing will result in -hunting" of the servo- 
coniroller, and (u) in general high servo gain is used if the subject's chemoreceptor 
responses are very brisk, and suppression of long apneas or hypopncas will help 
prevent the subject's own internal ser/o-control from hunting, thereby helping prevent 
Chcyne^tofces breathing. 
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Fiaaily, chera are rwo oiiase-swirr--; 1^<, -n - 

'*'ot<7£X? = 32 mirrspiratoiy phtui AM) Tmtch negative) 
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For saca or ten mzr'/ -a'^^^,,* -^^^ 

— / acovc, we acscn phase aii<y<es fN a*? ^Ho^.^ ;^--n . , 
T7T KrtP^ Th-r Axr y*^^ aii^-w:^ i.-^, as Snowji ffi- Table 

ZZZ. Ncre ifa^ ^xN ars m rsvciunocs, net radians. We now olac- rh- r» 



Rule 



STANDARD 



N 



TRIGINSP 



1 I 



EARLY INS? 



PEAKINSP 



LATEINSP 



TRIG EXP. 



I 5 



Early EX? 



PEAKSXP 



LATE EXP 



8 I 



EXP PAUSE 



10 



where k « STD Tj / STD Ts. 



«N 



0.00 



0.10 



0.30 



0.50 



0.5 -r 0.05 k 



0.5 + 0.10 k 



0.5 + 0.20 k 



0.5 0.4 k 



0.5 + 0.5 k 



Nott to d« o«r has very shon cycle, k wffl be sn«ll. For c«™fe , 

»r».I du^ cycle « 40%. givfag k - 40/60 = 0.S7. Tims the =^ir^ry be 
asscc^ w:a, a piase a«gle of 0.5 +0.2-0.67=0.63. co^o=ding MaVtte w„ 
mto tXfTz^rr time, and the espinaoiy pause <«ouI<l son at O.i+0 J-0 67=0 83 
co.l=^o^„S7Sof*e wayteoesp,ra«7,fa«. Conversely, if 4e4«y cycle h 
s« » MS m a padeiji with severe obstructive lut>g disease, features 6 through 10 win 
be stewed or comprised into early e:q,ira<ioa. generatiog an appropriately longer 
expiratory pause. j s^* 



•ne new «tixnate of the phase is 4e c=nm.id. in polar cccniiratcs. of ihe above ten 

rules:... 



Kb chaiis, ill ptee di fam cairrat ptasc 6 <o the CM-oid . , , 
ccor^. ^^^^^ ,,,, ^ ==^T^?o1^t:1^^'" 

. p^= do = 0.02. Coav^dy, if ^ 0 ^ m 

<j) = csmroid 

^ ^^^^ < ^ ^^^^^ ^^^^^ ^ 

ii'r.i*;) = lowpcssfilicred di,^»atatim^ consam of f'STD Trn- 

„ <^^mi'oaterange(0.S/slDT,)/2u4(0.5/Sn>T,) 
Ti = 0.3 / cSpped LPid^D 

C=av««iy if «xr=a. pha* is «pin:oTy, (+ > . o.i) 4e odn^ ^ 
txpmaoa Tg is updated: ""^^uon oi 

, . LP(difs) = low pass filtered di, mth a time ccnstam qf4*STD Tror 
Clip W(diE) to the range (0.5/STD T^n u> 4(0.5/STD 
Te = O.J / clipped LP(d^^ 

abated T, and cever more to . toor of 4 d»rt« or , fiicar =f 2 loag^^ 

Chan weeded. 

Fiiiany,.thft observed mean duraaon of a breatk Ttot and 



JOT *™ respiratDry rate RR are: 



Resisdre unloading 



resistive unloading is the pr^ drcp across th. panent's uzn:cr ard lowe- 
a^ays, calc^d ^nx cfac .n^ry ainlow and r^isarc values ston- in SlUM 



/ = rBspiraxorj airjJcr^ xnmcszed :o ^ A 2 £.<r^i 
resisziv^ unloadins = oinw; rejirzoTic- -/ 
mperair^aj rzziszancz */2 * J2j7z/J9 



Tnstamaaeoig Elastic Assistaxics 

Txie purpose of the m^oncm^us elastic a^sisiance is to pro^/ide a pr^ssui^ wiaica 
balances some or aU of the elastic derladug pressure supplied by die soringiness of chl 
lungs. ai2d chesi waU (instamaueous elastic pressure), plus an addirional conn^on^- 
required co ser/o-conrrol ±c mitmte vesrilarioa at least exceed on average a pre-se^ 
target, vendladon. In addition, a miaimum swing, always present, is added to th^ totai.^ 
The user-specified paxaice-^- eiastance is preset to say 50-7555 of die faown or 
esdniated elastance of die patient^s lung and chest wall, Tne various coinDonenis are 
calculated as follows: 

Instantaneous assistance based on rainimum pressure swing set by physician: 

instantaneous TniTiimum assis^mce = nn'Ttimiim swing ^ n(9) 

Elastic assistance required to servo-control ventiLatsou to equal or esceed target 

The quanniy servo swing is the additional pressure modulation amplitude required to 
scrvo^mrol the minute veatiianon to at least equal on average a pre-set target 
ventilation. 

Minute ventilation is denned as the total number of litres inspired or expired per 
minute. However, we can't wait for a whole minute, or even several seconds, to 
calculate it, because we wish to be able to prevent apneas or hypopncas lasting even a 
few seconds, aiui a PI controller based on an average ventilation over a few seconds 
would be either sluggish or unstable. 

The quantity acmally servo-controlled is half the absolute value of the instantaneous 
respiratory airflow. A simple clipped integral controller with no damping works very 
satisfactorily. The controller gain and maximum output ramp up over the first few 
seconds after putting the masi: on. 



If we have had a sudden mr-^^. • 

ivciage value, pnor 03 the Jamaing. 

. set recent ser/o swing = 
Estimatiag mstamaneous elastic pressure 

respiratory airflow with resB«- m j - *^iy oy inagraimg 

^ respect CO tmiff does not work in oractic^ fnr ^ 

firstly leaks cause e:q3losive nm-awav nf rh. • ^ f ^ 

«s« at ^hc Stan Of each i^^on, a=d this pSt . diS^', tT^L" 
Hmdly. and crudaUy, if the patient is n:ald«g no 4bm. nothing win ha^ 

Tierefcrc. four separate estimaas arc n:ade. and a weighted average aken. 
volume. With a corrcaion/or sudden change in leak 

T^fct estimate is the instananeous elastic recoil of a specified clastance at thc 
«nnuted mstantanecus inspired voW. calculated by znuitiolying the spe^^^ 
elastanc. by the uuegral of a weighted respirator:, airflow with re^T; tin. r^t 
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izzo if the respirator/ phase is expiratory. Tae respiratory airflow \s weighted fay tbe 
fuzry negatioa of the recent peak jamming index J^Eak. to partly ameliorate a^ 
explosive tuii-away of tbe integral during brief periods of suddea increase in leak, 
before the teak detacior has had time adapt to the changing leak. In the case where 
the leak is ver/ steady. Jp^^ will be zero, the weighnng will be unity, and. thl 
inspired vohime will be calculated aormaHy and correctly. In the .case where the leak 
increases suddenly, JpeaX will rapidly incr^e, the weighting will decrease, and 
although typically the calculaxcd inspired volume -will be incorrect, the over-^timation 
of inspired volume 'wiU be ameliorated. Calculaticns are as follows: - - 

btsiamaneotis volume = imsqrcd ofrsspirmory airflow * (l^Jp^j^) dt 
. ^ ifpluxse is c^irazcry (OJ < ^ < LO rer^oli^tions} rzzat imsiral to zsro 
eswnate 1 = insianuimous volume ^ elasiancs 

Esnmaze 2: based on assumption :kat the tidal yolums equals the targe: tidal volume 

The quantity standard swing is the additional pressure mcduiatica amplimde that would 
unload the specified elastance for a breath of a preset target ftdal vohime. 

target tzdal volume = target ventilaxion / target frequencj 
standard sr^ing = elastanca * target tidai volume 
estimaxe 2 = standard sy^fing * H/o; 

Estimare 3: based on assimpiion thaz the tidal volume equals the target tidal volume 
tGvided by the observed jnean respiratory rate RR calculated previousfy. 

Estimate 3 ^ elastance * target ventilation / RR ^ n(^) 

Estimate 4: based on assumption that this breath is much like recent breazhs 

The instantaneous assistance based on the assunrotion that die elastic work for this 
breath is similar to that for recem breaths is calculated as follows: 

LP elastic assistance = instantaneous elastic assistance 

low pass filtered 'Anth a time constant of 2 STD Tjqj- 
estimate 4 ^ LP elastic assistance * Ul^)/ Pjar 



The above algorithm works correctly even if 0(9) Ls dynamically changed on- 
the-fly by the user, &om square to a smooth or vice versa. For example, if an 8 



cnizIO square wave (Txbar'^I) adequau:jy assists :hc oadenr th^ . « 
Best Estimate Of InstantaiiMus Hasdc lUcofl Pte^ 

s 

Ne« caloU^K the pr=«« „ ^ , 

recoil pressure based on a w-*;,!,,-^ * « w me acmaJ eiarac 

oas«i on a weighted average of the above. If n(<b) is se, m ,h 
smoothest setdus the estimaT- i„ u ^ « " to the 

u^, mc estmiaie is based equaUy on all the above 
mstanraneous elastic recoil Tf ^M^ • esomates of 

us e^ac recoil. If n(.^) is a square wave, the estiniaie is based oa-^Il 
.above esamates escsnr fnr ,-cHt„„= i oxr-au tne 

uiaatw except tor esnmaa 1, because a square wave is maximal « * n 

^^.y. zero at *=o. Io«^« «^ h^d.^^^""' 
consoEi.ofO.3 or above. » wavejoim tane 

smooAness . wavgSirai lirac ra/uMnr / O.J 

maamanaxL! ncatt = (imoodmas ' esiimme i + . 

Now.add 4= «dm«cs ba«d on raintam and servo swing, minoam so as no. to 

/ = instantaneous minimum assistance -r 
mstanumeous servo assistancs -r 
insiantaneaus recoil 

^. Truncate I to be less :kan presez nurdmum permissible s-^nng instamaneous 
elastic assistance = I* lead-in 

This completes the cajculatioa of instantaneous elastic assistance. 
Desired pressure at sensor 

desired sensor pressure = epap -r hose pressure loss + 

resistive unloading + Instantaneous elastic assistance 



Servo control of motor speed 



In ±c anal step, the n-asurrd pressure at tbe scsor is servc^ontrolled to 
equal the desired sensor pres.-ure, using for example a dipped pscudodifrereimal 
coniroflcr to adjust ±e motor curreat. Reference can be made :cF:g. I in Ais regard. 

Deyice Psrfonaance 

F:gs. 21-27 each show an acaial SO second recording displaying an aspect of 
the second embodiment. All recordings are from a nonnal subject trained co perfonn 
tiie required manccu^/ras. Calculated respirator:/ ainlow. mask pressure, and 
respirator;/ phase are calcuiated ^jsing die algorithms disclosed above," output '-/ia:^ 
serial port, and plotted digitaily. 

In Figs, 21-26 respiratory airflow is shown as die daricer aracing, die vertical 
scale for flow being ± Usee, inspiration upwards. The verricaJ scale for the pressure 
- (light trace) is 0.2 cniE20. 

Fig. 21 is recorded with die ser/o gain se: -x> 0.1 cniK20/Usec/sec, which is 
suitable for subjects with aonnal chcnioflexes. Tne subject is breadnng well above die 
minimum ventilation, and a particularly deep breath (sigh) is taken at point (a). As is 
usual, respiratory effon ceases following the sigh, at point (c). The device correcdy 
permits a shon central apnea (b), as indicated by the device remaining at the cad 
expiratory pressure during die period marVed (b). Conversely Fig. 22 shows diat if 
there is no preceding deep breath, wiien efforts cease at (a), the pressure correcdy 
continues to cycle, dius preventing any hypoxia. Fig. 23 is recorded with ser/o gain 
set high, as would be appropriate for a subject with abnonnafly high chemcrcflexes 
such as is typically die case with Cheyne-Stokes breadnng. Now when effort ceases at 
arrow (a), pressure continues to cycle and a central apnea is no longer permitted, 
despite preceding deep breathing. This is advantageous for preventing die next cycle of 
Cbeyne-Stokes breathing. 

The above correct behaviour is also exhfoited by a dme mode device, but is 
very different to diat of a spontaneous mode bilcr/ci device, or equally of proportional 
assist ventiladon, both of which would fail to cycle afSer all central apneas, rcgartiless 
of appropriaieness. 

Fig. 24 shows automadcally increasing and-inspiratory pressure as die subject 
TnaV*5; voluntarily deeper inspirauary efforts. The desirable bexiaviour is in common 
with PAV, but is different to diat of a simple biicvcl device, which would maintain a 
constant level of support despite an increased paceiu requirement, or to a volume 
cycled dc-/ice, which would acraally decrease suppon at a dme of increasing need. 



^ "^^"^ Mnawhai more square wavsft,-. ^. 

,am=n,p« » *e chest «ii „ (a) TO, toS^^^? ""^^ 

» connnon with PAV and voto-:= cj-cjed device *. Waviour fa 

«!«dvely deliver a »:at,r wave-^tl r^' h PAV cannot 

wculd net au.=«„ ^ ^ d«=ct ft=m a ,i^,e bfleyei device 

, *At LUC ic or suppoit Willi iBcraasing need. 

^* sudden onset ot-a«v« 1.4 lyseclcaic at * , 

B cypie correctly ttroushout. Aithc^gh toed d:cde ^n^^ ' 

^ ror longer or shorter penods fbUowiag onse' of a «.rfH-^ 
i and PAV can deliver greaUy escsssive ^ ^^"^^ 

eauy caxssiYe prassurss under aiese conditions. 

» . .vei.„., .t. .^r.-rrr r::'=.irrr ° 

respiraroiy rateinthcrishthalf of*h**« a^- me trac- and low 

f / ngnt najf or the aace. This trace demonstrates that the inv««ir^ 

can deannine phase as a continuous variable. we invention 

Advantageous aspects of emhodimeats of the invention. 
Use of phase as a contimtaus variable. 

^ K 1° ^ prior an. phase is taken as a caregoricai variable, with two values- 

Z^IZ ^ ^ ^ -P^^n J ^"o, 

^^^. p^i^eategor^I errors in delivered pressure. Conversely, here, phascl 
treated as a continuous variable having values between zcn. and unity. Tnus c^egorTc^ 
erors in mcasuteaieat of phase are avoided. =a«goncaI 

JU^uaabie fiber frequency and aUov^ancs for phase delay 

By using a short time constant when the subject is breathing r^idly. and a 
long time constant when the subject ^ breathing slowly, the filter introduces a fixed 
p^e de^y which is always a small fraction of a «spiracoty cycle. Thus unnecessary 
phase delays can be avoided, bur cardiogenic anifec: can be rejected in subjects w^ 
are breadung slowly. Furtherniore. because phase is treated as a continuous v^.^ 
IS possiole to largely compensate for the delay in the low pass filter. 
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Within-bremh pressure re^uiaiion as a combiuous fimcnon cf respirazory phase. 

With all prior an there is an intrusive disconnnuous chacgs in pressure, either 
at Che Stan of inspiration or ax Ae start of e:q)iranon. Here, the pressure change is 
s conrinucus, and chersfore more comfortable. 

With proportional assist ventilation, the instantaneous pressure is a fiinction of 
xnstanianeaus volume into the breath. Tnis means iha a sudden large leak can cause 
explosive pressure nin-away. Here, where inrtantaneous pressure is a function ef ' 
10 instantaneous phase nthcr than tidal volume, this is avoided, 

Bewesn-breaih pressurs-reguianon as afimaion ofcr^erage inspiratorj duraiion. 

Average inspiratory duration is easier to calculate in Ae presence of leak than 
IS IS tidal volume. By caking advantage of a correlation bewcen average inspiratory 
duration and average tidal volume, it is possible to adjust the amplitude of modulation 
to suit the average tidal volume. 

Provision of a pressure componem for unloading turbidem upper airwj resistance, 
20 and avoiding cardiogenic pressure instabilities. 

Although Younes descr&cs the use of a component of pressure proportional co 
the square of respiratory airflow to unload the resistance of external apparatus, the 
resistance of the external apparatus in embodiments of the present invention is typically 

25 negligible. Conversely, embodiments of the present invention describes two uses for 
such a component proportional to the square of respiratory airflow that were not 
anticipated by Ycimes. Firstly, sleeping subjects, and subjects with a blocked nose, 
have a large resistance proportional to the square of airflow, and a pressure component 
proportional to the square of airflow can be used to onload the anatomical upper airway 

30 resistance. Secondly, small nonrespiratory airflow components due to heartbeat or 
other arti&ic:, when squared, produces negligible pressure modulation, so that the use 
of such a component yields relative immunity to such nonrespiratory airflow. 

Smooth transition bev^en spontaneous and controlled breathing 

35 

Ther= is a smooth, seamless gradation from flexibly tracking the subject's 
respiratory pattern during sponraneoxis breathing well above the target venriladon. to 
fiiUy controlling the duration, depth, and phase of breathing if the subject is making no 
efforts, via a transitional period in which the subject can make progressively smaller 
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Changes to tte dming and depth of brsaihiag. A smooth transition avoids 
cat^orizanon enots whca veanktion is near but not at die desired threshold. The 
advaflxage is dat die transitioa from spomaDBous lo controUed veatiktion occurs 
unobtrusively to die subject. Tlas can be especiafly important in a subject attecnmx:g ^ 
go to sleep. A similar smoodi tiaasidon can occur in die reverse direction, as a subject 
awakens and resumes sponianeotis respiratory efibits. 



